CRISPR/Cas has become the state-of-the-art technology for genetic manipulation in diverse 21 organisms, enabling targeted genetic changes to be performed with unprecedented 22 37 research in B. cinerea and other fungi. 38 39 40
efficiency. Here we report on the first establishment of robust CRISPR/Cas editing in the 23 important necrotrophic plant pathogen Botrytis cinerea based on the introduction of 24 optimized Cas9-sgRNA ribonucleoprotein complexes (RNPs) into protoplasts. Editing yields 25 were further improved by development of a novel strategy that combines RNP delivery with 26 transiently stable telomeres containing vectors, which allowed temporary selection and 27 convenient screening of marker-free editing. We demonstrate that this approach provides 28 vastly superior editing rates compared to existing CRISPR/Cas-based methods in filamentous 29 fungi, including the model plant pathogen Magnaporthe oryzae. The high performance of 30 telomere vector-mediated coediting was demonstrated by random mutagenesis of codon 272 31 of the sdhB gene, a major determinant of resistance to succinate dehydrogenase inhibitor 32 (SDHI) fungicides by in bulk replacement of the codon 272 with codons encoding all 20 amino 33 acids. All exchanges were found at similar frequencies in the absence of selection but SDHI 34 selection allowed the identification of novel amino acid substitutions which conferred 35 differential resistance levels towards different SDHI fungicides. The increased efficiency and 36 easy handling of RNP-based cotransformation is expected to greatly facilitate molecular Introduction Results 92 Establishment and characterization of CRISPR/Cas editing in B. cinerea 93 To achieve strong expression and robust nuclear localization of Cas9, we tested Cas9 constructs with 94 different nuclear localization signals (NLS) using B. cinerea transformants expressing a GFP-tagged 95 synthetic Cas9 gene adapted to the low GC content of B. cinerea [25] . B. cinerea transformants 96 expressing Cas9-GFP with a single C-terminal SV40 T antigen NLS, or with two N-and C-terminal SV40 97 NLS, both resulted in fluorescence distributed between cytoplasm and nuclei ( Fig. 1A-B ). In contrast, 98 four tandem copies of SV40 NLS (SV40 x4 ) and a duplicated NLS of the nuclear StuA protein (Stu x2 ) 99 effectively directed Cas9 into nuclei ( Fig. 1C-D ). 100
We next tested which strategy was best suited for Cas9 delivery into B. cinerea protoplasts. For 101 stable expression, a construct constitutively expressing Cas9-SV40 x4 was first integrated into the niaD 102 region of the genome. For transient expression, Cas9-GFP-Stu x2 cloned into a telomere vector (see 103 below) was transformed into wild type B. cinereal [26] . Expression of Cas9 was confirmed by 104 immunoblot analysis (S1 Fig). Alternatively, purified Cas9-Stu x2 protein assembled with a sgRNA to a 105 ribonucleoprotein complex (RNP) were used for transformation of wild type B. cinerea. CRISPR/Cas 106 activity was evaluated by quantification of error-prone repair via NHEJ, using the Bos1 gene as a target. 107
Bos1 encodes a histidine kinase that regulates high osmolarity adaptation via the mitogen activated 108 protein kinase Sak1 [27] , which allows for robust positive selection of Bos1 null mutants which have 109 been shown to be resistant against the fungicides iprodione (Ipr) and fludioxonil (Fld) [28, 29] . With 110 transiently expressed Cas9-GFP-Stu x2 and with Cas9-Stu x2 RNPs, high numbers of transformants were 111 obtained, whereas stably expressed Cas9-SV40 x4 yielded significantly less colonies (Fig. 1E ). All 112 transformants tested were both Ipr R and Fld R , and failed to produce sporulating aerial hyphae. 113
Compared to the wild type (WT), growth of the transformants was more strongly inhibited on media 114 with high osmolarity, and their virulence was strongly reduced when inoculated on tomato leaves (S2 115 Fig) . These phenotypes are consistent with those reported for Bos1 k.o. mutants [28] , and confirmed 116 that Bos1 was inactivated in the transformants. Due to high, reproducible transformation rates 117 obtained, RNP-mediated transformation was used in all subsequent experiments. When recombinant 118
Cas9 protein variants carrying different NLS were compared for their efficiency in RNP-mediated 119 transformation, Stu x2 NLS was found to confer the highest in vivo editing activities ( Fig. 1F ). 120
To further characterize CRISPR/Cas-NHEJ editing, Cas9-Stu x2 -NLS RNPs with different sgRNAs 121 targeting Bos1 between codons 344 and 372 were introduced into B. cinerea protoplasts. resulted in 122 variable rates of NHEJ-induced mutations (Fig. 2 and S3 Fig) . Variable editing frequencies were 123 obtained, which correlated only weakly with in silico predictions and with in vitro cleavage assays (S3 124 outside Bos1 (Fig. 3B ). When the 60 bp flanks of the RT were separated by 1 kb each from the PAM site 156 to generate a Bos1 deletion instead of an insertion, similar transformation efficiencies were obtained 157 ( Fig. 3C and 3D ). Thus, CRISPR/Cas allows the use of short homology flanks in a flexible way for highly 158 efficient gene targeting. 159
To exploit the efficiency of CRISPR/Cas, co-targeting of two genes encoding key enzymes for 160 biosynthesis of the phytotoxins botrydial (bot2) and botcinic acid (boa6) was tested. Resistance marker shuttling, a simple strategy for marker-free editing 174 To generate precise and multiple changes in the genome, marker-free editing is required. Two marker-175 free mutagenesis strategies were developed, both exploiting the high efficiency of cotransformation, 176 namely that two or more DNA constructs are taken up by fungal cells with much higher frequencies 177 than expected from single transformation rates. The first strategy, called resistance marker shuttling, 178 is based on the integration of an RT into a non-essential genomic locus in exchange for an existing 179 resistance cassette with identical promoter and terminator sequences which serve as homology flanks. 180
To test for marker exchange, a B. cinerea strain carrying a nourseothricin (Nat R ) cassette in the xyn11A 181 locus [35] was transformed with Cas9-RNP and a Fen R RT which shared the promoter (PtrpC) and the 182 terminator (TniaD) sequences with the targeted nat1 gene as homology flanks (Fig. 4A ). 183
Transformations resulted in several hundred Fen R colonies, and the majority of them had lost Nat R as 184 expected for a marker exchange. When Bos1-RNP was cotransformed, similar numbers of Fen R 185 transformants were obtained, and 56-74% of them were also Ipr R , demonstrating a high rate of NHEJ 186 coediting. No marker exchange was observed when the Fen R RT was transformed without Cas9-RNP 187 as negative control ( Fig. 4B ). To test the stability of both resistance markers in the Fen R Ipr R double 188 transformants, each ten of them were transferred three times to ME agar plates containing only Fen 189 or Ipr. All transformants treated this way retained the non-selected resistance, indicating that 190 coediting had occurred in the same nuclei of the transformed protoplasts. The resulting transformants 191 could be used for another round of marker shuttling, now targeting the Fen R resistance cassette. 192
Use of transiently selected telomere vectors for completely marker-free coediting 193
Previous studies have shown that plasmids containing a pair of telomeres (pTEL) can be efficiently 194 transformed into filamentous fungi and replicate there autonomously as centromere-free 195 minichromosomes, but are rapidly lost in the absence of selective pressure [26] . Based on these 196
properties, a pTEL-mediated strategy for marker-free CRISPR/Cas coediting was developed, involving 197 the following steps ( Fig with pTEL-Fen, sod1 encoding the major copper/zinc superoxide dismutase was targeted to generate 211 a sod1-GFP knock-in fusion ( Fig. 5D to 5G). Sod1 has been shown to be involved in oxidative stress 212 tolerance and virulence of B. cinerea [36] . Several thousand Fen R transformants were obtained in single 213 experiments ( Fig 5D) . Microscopic evaluation revealed GFP fluorescence in 65.3% of the transformants 214 resulting from coediting. Fluorescence was observed in the cytoplasm and in strongly fluorescent 215 punctate structures tentatively identified as peroxisomes ( Fig. 5E ). For SOD1 of rat, an orthologue of 216 the fungal Sod1, a localization similar to B. cinerea was found in the cytoplasm and in peroxisomes, 217 due to its binding to peroxisomal protein CCS [37] . The functionality of the Sod1-GFP fusion protein 218 was confirmed by staining for SOD activity after native gel electrophoresis of protein extracts (Fig. 5F ) 219 and by immunoblotting using GFP antibodies ( Fig. 5G ). Furthermore, pTEL-mediated coediting was 220 shown to be useful for marker-free mutagenesis of nep1 and nep2, two genes encoding necrosis and 221 ethylene-inducing proteins [38] . With single targeting, >1,000 Fen R transformants were obtained, and 222 17-23% of these contained nep1 or nep2 deletions, respectively, as confirmed by PCR. Co-targeting of 223 nep1 and nep2 resulted in 230 transformants. Of these, 12.9% contained a nep1 deletion and 10% a 224 with CRISPR/Cas using RNP has been successfully applied for this fungus [23] . Marker-free editing was 231 also demonstrated, however, rates of non-selected coediting events ranged only from 0.5 to 1.2%. 232
Aiming to improve this rate, we first confirmed the efficacy of CRISPR/Cas with Cas9-RNP. M. oryzae 233 strain Guy11 or Guy11ku80 (a NHEJ deficient mutant) protoplasts were transformed with Cas9-SV40 x4 234 complexed with sgRNA MoALB1 and a Hyg R RT with 50 bp homology flanks. MoALB1 encodes a 235 polyketide synthase required for melanin biosynthesis and alb1 mutants are easily selectable due to 236 whitish mycelium. Depending on the amount of RT DNA and strain used, 67 to 91% of Hyg R 237 transformants had white mycelium, indicating successful inactivation of MoALB1 (S8 Fig) . 238
Next, we tested the suitability of the pTEL-based marker-free approach for M. oryzae. After 239 establishing selection for Fen R , using 30 ppm fenhexamid, pTEL-Fen was transformed yielding up to 240 1,000 transformants per µg DNA (S1 Table) . Subsequently, pTEL-Fen was cotransformed together with 241 Table) . The distribution of codons in position 265 272 was determined from pooled conidia of ≥6,000 Fen R transformants per assay by bulked DNA Overall, the EC50 values correlated well with their prevalence in the SDHI selected populations 280 described above ( Fig. 7c-d ). Remarkably, 12 amino acids conferred high levels of resistance to boscalid 281
(EC50 values >2mg l -1 ) ( Fig. 7C ). In contrast, only four amino acids conferred similarly high resistance 282 levels to Flu, but five amino acids caused up to 30-fold hypersensitivity compared to WT (Fig. 7D ). Pyd 283 was about ten times more active than Bos and Flu against B. cinerea WT, and four amino acids 284 conferred EC50 values >0.2mg l -1 ( Fig. 7F ). Only the three aliphatic amino acids leucine, valine and 285 isoleucine provided high or intermediate resistance to all three SDHI. Remarkably, highest resistance 286 levels were observed with isoleucine, which has never been found in resistant field isolates. Growth 287 on selective agar media illustrated the high proportion of Bos R mutants, and the lower number of 288 mutants resistant to Flu and Pyd ( Fig. 7G ). Growth on rich medium and on a nutrient-limited medium 289 with different carbon sources did not reveal significant differences between the 17 edited strains (S10 290 Following the strategy reported for Fusarium graminearum [51], Bos1 was established as an effective 309 selectable marker for NHEJ-and HR-mediated mutagenesis ( Fig. 1 and 3 ). Introduction of Cas9-sgRNA 310
RNPs with or without a donor template yielded hundreds to thousands of edited B. cinerea 311 transformants. So far, similar approaches have been rather rarely used for CRISPR/Cas genome editing 312 in fungi [22] [23] [24] . An advantage of the use of RNP over endogenous Cas9 and sgRNA expression is the 313 reduced probability of potential off-target mutagenic activities of Cas9, because of its limited stability 314 in cells [52] . Furthermore, sgRNAs synthesis is performed quickly and does not require any cloning 315
steps. 316
A total of 153 NHEJ repair events in the Bos1 gene were analyzed, which is the largest number 317 reported for filamentous fungi. Most changes were 1-2 bp indels, and for three sgRNAs inducing a TN 318 cleavage by Cas9, a (+T) insertion was the dominating mutation. Although all these mutations were 319 biased by the selection for loss of Bos1 function (Ipr R ), these data are in line with systematic studies of 320 CRISPR/Cas-NHEJ mutations in human cells and yeast [53, 54] which often resulted in +1 bp insertions 321 at the Cas9-RNP cleavage site. This rather reproducible NHEJ repair in B. cinerea could be exploited to 322 introduce predictable frameshift mutations even without RT. Furthermore, we demonstrate that RTs 323 with 60 bp homology flanks worked efficiently in B. cinerea, yielding >90% targeted integrations 324 ( Fig. 3) . Such short flanks can be attached to a resistance cassette of choice using long PCR primers, 325 avoiding time-consuming cloning or amplification steps which were previously required to generate 326 the long homology flanks for conventional targeted integration. 327
In B. cinerea, cotransformation occurred with rates of up to >60%, both for different combinations 328 of CRISPR/Cas-induced integrations (HR/HR or HR/NHEJ) and for telomere vector uptake and 329 CRISPR/Cas events (HR or NHEJ). Cotransformation rates were found to increase with higher DNA 330 concentrations, consistent with early reports for fungi [55] . Two novel strategies have been established 331 for marker-free coediting. Resistance marker shuttling at a non-essential locus in combination with 332 non-selected CRISPR/Cas events allows repeated genomic edits. High frequencies (65.3%) of marker 333 replacement were observed in the transformants, and this approach is also applicable for other 334 organisms. A prerequisite for successful coediting in multinuclear fungi such as B. cinerea is the 335 generation of homokaryons, which requires integration of different DNA fragments into the same 336 nuclei. In most transformants analyzed this was found to be the case, similar to previous reports for 337
Neurospora crassa [56] . 338
The most powerful approach for marker-free editing is cotransformation of pTEL vector and CRISPR 339 constructs. Its effectiveness depends on i) high transformation efficiency of pTEL which provides the 340 selection, ii) high rates of cotransformation/coediting of pTEL and CRISPR components, iii) highly 341 efficient HR, and iv) elimination of pTEL after identification of the desired editing event(s), yielding 342 edited strains without any other genomic alterations. With this approach, we reproducibly obtained 343 hundreds to thousands of transformants, and up to >50% of them were marker-free edits. Similar 344 results were obtained for NHEJ-and HR-induced edits, as shown for NHEJ-mediated mutagenesis of 345 Bos1, RT-mediated knock-in attachment of a GFP tag to sod1, and deletion of nep1 or nep2. 346 Importantly, we could show that the pTEL strategy is also applicable for coediting approaches in other 347 filamentous fungi. pTEL-Fen transformed M. oryzae with equal efficiency as B. cinerea, and coediting 348 frequencies were 36-49% for NHEJ, and 7% for RT-mediated HR. These values clearly exceed coediting 349 rates previously reported with integrative selected markers [23] . The lower rate of coediting in M. 350 oryzae with HR is probably due to the intrinsically lower efficiency of HR compared to B. cinerea. This 351 could be partially compensated by using RT with longer homology flanks. We therefore expect that 352 cotransformation with pTEL vectors will significantly facilitate the establishment of RNP-based 353 CRISPR/Cas coediting in many fungi, and maybe also in non-fungal microbes such as oomycetes. does not support this conclusion. Indeed, this might reflect the great advantage of precise marker-free 371 genome editing in avoiding any modification of neighboring genes or their regulatory sequences by co-372 introduction of a nearby resistance cassette. Another benefit of our approach is that it allows the 373 analysis of several independent mutants that have been obtained without selection of the target locus. Supplementary Table 3 . DNA 450 template preparation was performed by annealing 10 µmol each of constant sgRNA oligonucleotide 451 (TL147_gRNA rev) and protospacer specific oligonucleotide in 10 µl in a thermocycler (95°C for 5 min, 452 from 95°C to 85°C at 2°C sec -1 , from 85°C to 25°C at 0.1°C -1 ), followed by fill-in with T4 DNA polymerase 453 (New England Biolabs, Beverly, MA, USA), by adding to the annealing mix 2.5 µl 10 mM dNTPs, 2µl 10x 454 NEB buffer 2.1 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 100 µg ml -1 BSA, pH 7.9), 5 µl water and 455 0.5 µl enzyme, and incubation for 20 min at 12°C and column purification. Subsequently, sgRNA 456 synthesis was performed using the HiScribe™ T7 High Yield RNA Synthesis Kit (NEB), and purified using 457 the RNA Clean & Concentrator-25 kit (Zymo Research, Orange, CA, USA). Cas9-NLS, containing N-and 458 C-terminal SV40 NLS, was purchased from NEB. For RNP formation, 6 µg Cas9 was incubated in 459 cleavage buffer (20mM HEPES, pH 7.5, 100 mM KCl, 5% glycerol, 1 mM dithiothreitol, 0.5 mM EDTA, 460 pH 8.0, 2 mM MgCl2) with 2 µg sgRNA for 30 min at 37°C. 461
Transformation of B. cinerea. Transformation was performed based on a published protocol[5] as 462
following: 10 8 conidia harvested from sporulating malt extract (ME: 10 g/l malt extract, 4 g/l glucose, 463 4 g/l yeast extract, pH 5.5) agar plates were added to 100 ml ME medium and shaken at 180 rpm for 464 ca. 18 h (20-22°C) in a 250 ml flask. The germlings was transferred into 50 ml conical tubes and 465 centrifuged (8 min, 1,000 g) in a swing-out rotor. The combined pellets (fresh weight should be >3 g) 466 were resuspended and washed two times with 40 ml KCl buffer (0.6 M KCl, 100 mM sodium phosphate 467 pH 5.8; centrifugation for 5 min, 1,000 g), and the germlings resuspended in 20 ml KCl buffer containing 468 1% Glucanex (Sigma Aldrich, St Louis, MO, USA; L1412) and 0.1 % Yatalase (Takara, T017), and 469 incubated on a 3D rotary shaker at 60 rpm for 60-90 min at 28°C until ca. 10 8 protoplasts had been 470 formed. Protoplasts were filtered through a sterile nylon mesh (30 µm pore size) into a 50 ml conical 471 tube containing 10 ml ice-cold TMS buffer (1 M sorbitol, 10 mM MOPS, pH 6.3). After addition of 472 another 30-40 ml ice-cold TMS buffer, the suspension was centrifuged (5 min, 1500 g, 4°C), and the 473 protoplast pellet resuspended in 1-2 ml TMSC buffer (TMS + 50 mM CaCl2, 0°C, dependent on the 474 desired protoplast concentration. To 0.5 x10 6 to 2x10 7 protoplasts in 100 µl TMSC, the Cas9/sgRNA 475 ribonucleoprotein (RNP) complex (6 µg Cas9, 2 µg sgRNA; pre-complexed for 30 min at 37°C) and up 476 to 10 µg donor template DNA were added in 60 µl Tris-CaCl2 buffer (10 mM Tris-HCl, 1 mM EDTA, 40 477 mM CaCl2, pH 6.3). After 5 min incubation on ice, 160 µl of PEG solution (0.6 g ml -1 PEG 3350, 1 M 478 sorbitol, 10 mM MOPS, pH 6.3; pre-heated to 60°C, mixed, and allowed to cool down to 30-40°C) was 479 added, mixed gently, and incubated for 20 min at room temperature. 680 µl of TMSC buffer was added, 480 the sample was centrifuged (5 min, 1,500 g in a swing-out rotor), the supernatant removed, and 481 protoplasts suspended in 200 µl TMSC. Protoplasts were transferred into 50 ml liquid (42°C) SH agar 482 (0.6 M sucrose, 5 mM Tris-HCl pH 6.5, 1 mM (NH4)H2PO4, 9 g l -1 bacto agar, Difco) and poured into two 483 Petri dishes. For transformation with pTEL-Fen, up to 10 µg plasmid DNA was used. For selection of 484 transformants, 30 mg l -1 nourseothricin (Nat), 1 mg l -1 fenhexamid (Fen), 4 mg l -1 iprodione (Ipr), or 485 mg l -1 fludioxonil (Fld) were added. Positive colonies were transferred onto ME agar plates or onto 486 plates containing the same concentrations of selective agents. Transformants were subcultured on 487 selective media and purified by three to five rounds of single spore isolation. Genomic DNA was 488 isolated as described previously [66] . 489
Transformation of M oryzae. Three-day old cultures of M. oryzae Guy11 or the Guy11ku80 deletion 490 mutant, grown in 150 ml liquid complete media at 25°C and 100 rpm, were used for generation of 491 protoplasts. The mycelia were filtered and digested with Glucanex as described above [67] . Protoplasts 492 purification was done according to the protocol for B. cinerea. After washing with TMS buffer, 493 protoplasts were suspended in TMSC buffer and adjusted to 1.5x10 8 protoplasts per ml. For 494 transformation, 120 µl aliquots of a protoplast suspension were mixed with the RT DNA and pre-495 incubated RNPs (Cas9-SV40 x4 ) dissolved in 60 µl Tris-CaCl2 buffer. Then 180 µl 60% PEG 3350 were 496 added, and the protoplast suspension was poured into CM agar containing 1.2 M sucrose for osmotic 497 stabilization. After 24 h an upper layer containing 500 mg l -1 hygromycin (Hyg) or 30 mg l -1 Fen was 498 poured over the agar containing the protoplasts. After 7-10 days, mutants were transferred to 499 selection plates for further selection. RT (containing gpd3 promotor, hph and tubB terminator) with 500 50 bp of homology flanks was amplified using primers MH-Alb F&R for targeting MoAlb1, and MH-Pit 501 F&R for targeting MoPIT. For sgRNA synthesis, primers sgRNA_Alb1 and sgRNA_Pit were used. 502 representation of each fragment (7.5%). For PCR-based identification of edited transformants, silent 508 mutations were introduced into the 500 bp fragments which converted an XhoI to an XbaI site (codons 509 278/279), and allowed differentiation between WT and edited sequences (Fig. 7a) . To isolate the DNA 510 of sdhB codon 272-edited transformants for sequencing, sporulation was induced on the primary 511 transformation plates. For this, three days after transformation, the SH+Fen agar containing 512 embedded transformants was overlaid with 0.1 volumes of 5x concentrated ME medium. After 513 another 5-7 days, transformant conidia were harvested from densely sporulating plates. To improve 514 the recovery of transformants, the agar discs were inverted, placed onto fresh ME (1 mg l -1 Fen) agar 515 plates, and incubated again for 5-7 days until sporulation. Conidia harvested from one transformation 516 were combined and used for DNA isolation. For sequence analysis of bulked transformants selected 517 for resistance to SDHI, 4x10 5 conidia of Fen R transformants were inoculated in standard Petri dishes 518 with 18 ml YBA medium (1% yeast extract, 20 g l -1 sodium acetate[68]) containing boscalid (0.25 mg l -519 1 ; BASF, Ludwigshafen, Germany), fluopyram (0.3 mg l -1 ; Bayer Crop Science, Monheim, Germany), or 520 pydiflumetofen (0.015 mg l -1 ; Syngenta Crop Protection, Stein, Switzerland) in concentrations 521 inhibitory for B. cinerea WT strain B05.10. After 72 h incubation at 20°C, conidia and germlings were 522 harvested and used for DNA isolation [66] and sequencing (see below). 523
To isolate sdhB edited strains with defined codon 272 replacements, individual Fen R transformants 524 were purified by several transfers on ME+Fen (1 mg l -1 ), YBA+Bos (1 mg l -1 ), or YBA+Flu (2.5 mg l -1 ) agar 525 media. Total DNA of these isolates was amplified using primers TL151_SDHB_OS_F/ 526 TL152_SDHB_OS_R, and the 741 bp products digested with either XbaI or XhoI to test whether they 527 were edited or WT. Edited isolates were sequenced using primer TL148_ SDHB_RT_F or TL149_ 528
SDHB_RT_R. 529
Sequencing. For deep sequencing of edited transformants, bulked B. cinerea DNA was first amplified 530 in 20 µl total volume, with 2 µl DNA, 10 pM of primers sdhb_F1/ sdhb_R1, 1x MyTaq TM buffer, and 1 531 Unit MyTaq TM (Bioline; Meridian Bioscience Inc., London, UK) by incubation for 2 min at 96°C, followed 532 by 20 cycles of 15sec 96°C, 30sec 60°C, 90sec 70°C. Nested PCR was performed in 20 µl total volume, 533 using 2 µl of the first round PCR, under the same conditions as above, but with 15 cycles only. PCR 534 products were purified with AmpureXP beads (Thermo Fisher Scientific, Bremen, Germany). About 100 535 ng of each purified PCR product was used to construct Illumina libraries using the Ovation Rapid DR 536
Multiplex System 1-96 (NuGen Technologies, San Carlos, CA, USA). Illumina libraries were pooled and 537 size selected by preparative gel electrophoresis. Sequencing (3 million reads per sample) was 538 performed by LGC Genomics (Berlin, Germany) on an Illumina NextSeq 550 instrument with v2 539 chemistry in 2x150 bp read mode. Libraries were demultiplexed using Illumina's bcl2fastq 2.17.1.14 540 software. Sequencing adapter sequences were removed from the 3' end of reads with cutadapt 541 (https://cutadapt.readthedocs.io/en/stable/) discarding reads shorter than 20 bp. All read pairs were 542 filtered for valid primer combinations and reverse-complemented so that R1 corresponds to the 543 forward primer and R2 to the reverse primer. Actual primer sequences were removed for downstream 544 processing. Reads were quality-filtered by LGC proprietary software, removing all reads with an 545 average Phred score below 30, and all reads containing more than 1 undetermined base 546 (N). Subsequently, all read pairs were overlap-combined using BBMerge 34.48 from the BBMap 547 package (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbmerge-guide/). Mutated 548 positions were identified by a custom shell script, filtering for sequences containing the motifs 549 immediately before and after thse mutated triplet (TTTGTACAGATGT and ACTATTCTCAACTG, 550 respectively). The sequence content between these motifs were extracted and counts for the detected 551 sequences summarized for each sequencing library. 552
Fungicide susceptibility test. Isolates with defined edits in codon 272 were tested for radial growth on 553 YSS agar with 50 mM each of either glucose, malate, acetate or succinate [59], and for their sensitivities 554 to SDHIs. Susceptibility to Bos (BASF), Flu (Bayer Crop Science), and Pyd (Syngenta) was assessed in the 555 WT and in edited strains on the basis of inhibition of germination. Assays with a range of fungicide 556 concentrations (0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1, 3, 10 mg l -1 ) were carried out at 20°C. After 557 incubation for 30 h in Greiner Bio-one polystyrene microtiter plates, the fraction of conidia containing 558 germ tubes with lengths exceeding half of the conidial diameters was determined for each 559 strain/fungicide pair, and an EC50 value (effective fungicide concentration required to inhibit 560 germination by 50%) was calculated with the Graphpad Prism 5.01 software, using a normalized 561 response with variable slope fitted to log fungicide concentrations. 562
Microscopy. Confocal images were acquired using either a Leica SP5 (DM6000 CS), TCS acousto-optical 563 beam splitter confocal laser scanning microscope, equipped with a Leica HCX PL APO CS 63 × 1.20. 564 water-immersion objective or a Zeiss LSM880, AxioObserver SP7 confocal laser-scanning microscope, 565 equipped with a Zeiss C-Apochromat 40x/1.2 W AutoCorr M27 water-immersion objective. 566 with M. oryzae strain Guy11 and Guy11 ku80. 897 S1 
